e Tedizolid, a novel oxazolidinone with activity against a wide range of Gram-positive pathogens, was evaluated in two noninferiority phase 3 acute bacterial skin and skin structure infection trials. The data from individual trials showed its noninferior efficacy compared to that of linezolid and a favorable tolerability profile. To evaluate potential differences, the pooled data were analyzed. The patients received 200 mg of tedizolid once daily for 6 days or 600 mg of linezolid twice daily for 10 days. Efficacy was evaluated at 48 to 72 h (primary endpoint), on days 11 to 13 (end of therapy [EOT]), and 7 to 14 days after the EOT (posttherapy evaluation). Treatment-emergent adverse events and hematologic and clinical laboratory parameters were collected. The baseline characteristics were comparable between the treatment groups: 852/1,333 (64%) patients were from North America, and the majority of infections were caused by Staphylococcus aureus. Tedizolid was noninferior to linezolid (early clinical responses, 81.6% versus 79.4%, respectively). The early responses remained relatively consistent across various host/disease factors and severity measures. Nausea was the most frequently reported adverse event (tedizolid, 8.2%; linezolid, 12.2%; P ‫؍‬ 0.02), with onset occurring primarily during the first 6 days. Fewer tedizolid than linezolid patients had platelet counts of <150,000 cells/mm 3 at the EOT (tedizolid, 4.9%; linezolid, 10.8%; P ‫؍‬ 0.0003) and during the postbaseline period through the last day of active drug visit (tedizolid, 6.4%; linezolid, 12.6%; P ‫؍‬ 0.0016). Efficacy was achieved with a 6-day once-daily course of therapy with the option of an intravenous/oral regimen, and fewer low platelet counts and gastrointestinal side effects were reported with tedizolid than with linezolid, all of which aligns well with antimicrobial stewardship principles. (These studies have been registered at ClinicalTrials.gov under registration no. NCT01170221 and NCT01421511.)
S
erious bacterial skin infections are a significant problem in inpatient and outpatient settings and constitute a growing health care burden (1, 2) . Acute bacterial skin infections are most frequently caused by Gram-positive pathogens (3, 4) ; methicillinresistant Staphylococcus aureus (MRSA) is the predominant causative pathogen in many parts of the United States (5-7) and is endemic in Europe and other geographic regions (8) (9) (10) . Current therapies for MRSA infection are associated with dosing-or administration-related complexities, a lack of oral formulations, safety issues, drug-drug interactions, and resistance (11) (12) (13) (14) .
Tedizolid is a new addition to the armamentarium against serious skin infections caused by Gram-positive pathogens. Tedizolid is a novel oxazolidinone antibacterial with potent activity (MIC effective on 90% of isolates [MIC 90 ], 0.25 to 0.5 g/ml) against a wide range of Gram-positive pathogens, including resistant strains, such as MRSA, and against vancomycin-resistant enterococci (VRE) (15) . The pharmacokinetic and pharmacodynamic properties of tedizolid, a bacterial protein synthesis inhibitor, allow for once-daily administration, either orally or intravenously (i.v.), at equivalent doses (16) (17) (18) .
Tedizolid has been evaluated in two randomized controlled noninferiority phase 3 trials (registered at ClinicalTrials.gov under registration no. NCT01170221 and NCT01421511) in patients with acute bacterial skin and skin structure infection (ABSSSI), conducted and analyzed in accordance with 2013 ABSSSI Food and Drug Administration and European Medicines Agency guidance (19) (20) (21) (22) . Although the positive results from the individual trials are consistent, there were differences (demographic, clinical characteristics, epidemiological, and geographical) between the study populations and in treatment strategy (oral therapy only [19] versus i.v.-to-oral sequential therapy [20] ). Because of the similarity in the overall study design, the data from both trials lend well to a pooled analysis. The main value of conducting a pooled analysis lies in its ability to better detect potential safety signals in a larger and more diverse patient population and to further evaluate treatment efficacy.
Therefore, to better evaluate the efficacy and safety of tedizolid and linezolid, we analyzed pooled data from both trials according to a prespecified analysis plan, focusing on clinically important subgroups and on known safety issues with antibacterial agents in general (gastrointestinal [GI] side effects) and oxazolidinones in particular (myelosuppression).
(The data were partially presented at the 53rd Annual Interscience Conference on Antimicrobial Agents and Chemotherapy [ICAAC] meeting, 10 to 13 September 2013, Denver, CO, and at IDWeek 2013, 2 to 6 October 2013, San Francisco, CA.)
MATERIALS AND METHODS
Study design and participants. ESTABLISH-1 and ESTABLISH-2 were randomized double-blind double-dummy multicenter multinational phase 3 noninferiority trials; the methods and results of the individual studies have been previously reported in detail (19, 20) . Patients were randomly assigned 1:1 to receive either tedizolid or linezolid, and randomization was stratified by clinical syndrome (cellulitis/erysipelas, wound infection, or major cutaneous abscess [Ͻ30% of enrollees]) and geographic region. In ESTABLISH-1, randomization was also stratified by the presence or absence of fever at baseline (19) . Both trials enrolled patients who were Ն12 years of age (ESTABLISH-1 enrolled patients Ն18 years [19] ) who had ABSSSI (cellulitis/erysipelas, major cutaneous abscess, or wound infection) with a minimum lesion area of 75 cm 2 that was suspected or documented to be associated with a Gram-positive pathogen. Patients who received systemic antibiotics with Gram-positive coccal activity within the preceding 96 h or for whom antibiotic therapy was ineffective for the primary ABSSSI site were ineligible. Patients with any of the following were also excluded: uncomplicated skin/skin structure infection, infection associated with prosthetic devices or vascular catheter sites, thrombophlebitis, diabetic foot infection, infected burn, chronic skin ulcer, nonclean surgery, known bacteremia at screening, septic shock/severe sepsis, history of opportunistic infection with the underlying cause still active, long-term systemic immunosuppressive therapy or antipyretic medication (other than Յ200 mg/day of aspirin), severe renal disease, or severe hepatic disease.
The studies were conducted in accordance with the 2008 Declaration of Helsinki and all relevant international, European Union, national, and local rules and legislation. Institutional review board or ethics committee approval was obtained at each participating center. All participants provided written informed consent.
Patients received 200 mg of tedizolid once daily for 6 days or 600 mg of linezolid twice daily for 10 days. A double-dummy design with placebo unique to each active treatment arm was used to maintain the blind for the full 10 days of study drug treatment. The patients in ESTABLISH-1 received oral study drug, whereas the patients in ESTABLISH-2 received two or more i.v. doses, after which they could be switched to oral drug when prespecified criteria were met. The patients were evaluated for efficacy endpoints at 48 to 72 h (primary endpoint evaluation; early clinical response), days 7 to 9, days 11 to 13 (end of therapy [EOT] visit), and 7 to 14 days after EOT (posttherapy evaluation [PTE] , days 18 to 25). The patients were evaluated for safety through the long-term follow-up visit (18 to 25 days after EOT).
Endpoints. The primary efficacy outcome for this pooled analysis was early clinical response at 48 to 72 h after the initiation of therapy in the intent-to-treat (ITT) population. Patients were classified as responders if they exhibited a Ն20% reduction in area (length ϫ width of erythema, edema, or induration [ESTABLISH-1 erythema only was used to determine the lesion size]) of the primary ABSSSI lesion compared with that at baseline, did not receive systemic concomitant antibiotics with Grampositive activity, and did not die as a result of any cause within 72 h of the first dose. The definition of this endpoint differs slightly between the two studies based on the differences between the U.S. Food and Drug Administration draft 2010 guidance and the final 2013 ABSSSI guidance. This pooled analysis reflects the final guidance for the primary endpoint (21) . The key secondary endpoints included the (i) response at day 7 (investigator assessed), (ii) EOT (programmatically defined as no fever or fever unrelated to primary skin infection, decrease from baseline in size of the primary lesion, no worse than mild tenderness or absence of it, absence of or reduced purulent drainage from wound infection, not having received concomitant antibiotics, lack of unplanned surgical intervention, and lack of osteomyelitis), and (iii) PTE (7 to 14 days after EOT, investigator assessed; this is the primary evaluation per European Medicines Agency guidance [22] The collection of adverse events (AEs), physical examination, evaluation of hematologic and chemistry laboratory parameters, and electrocardiography were conducted in the safety population. The effects on hematologic parameters were evaluated using prespecified count-level analyses for 3 key hematologic cell lines, platelets, neutrophils, and hemoglobin, at patient visits on days 7 to 9 and days 11 to 13 (EOT), as well as for the period after baseline through the visit associated with the last day of active therapy (days 7 to 9 visit for tedizolid; days 11 to 13 visit for linezolid). The times to onset of GI AEs were collected and grouped in three periods for evaluation: 0 to 6 days, 7 to 10 days, and Ͼ10 days.
Statistical analysis. The ITT population, all of which consisted of randomized patients, was the primary population for the efficacy analyses. The safety population, all of which consisted of randomized patients who received any amount of study drug, was the primary analysis population for the safety analyses. The microbiologic ITT population, all of which consisted of randomized patients with a baseline Gram-positive pathogen known to cause ABSSSI, was the population used for evaluating the clinical response by pathogen.
For the primary efficacy outcome of early clinical response, the noninferiority of tedizolid to linezolid was concluded if the lower limit of the 95% confidence interval (CI), calculated using the Miettinen and Nurminen method with stratification (by study) for the weighted difference in early clinical response, was greater than Ϫ10%. For the secondary outcomes, two-sided 95% CIs were constructed for the weighted differences in the response rates, with stratification by study. Exploratory subgroup efficacy analyses of responders at 48 to 72 h were performed; the treatment differences were weighted by study, and adjusted (for study) 95% CIs were calculated using the method of Miettinen and Nurminen. Analyses of treatment differences in treatment-emergent AEs (TEAEs), hematologic parameters, and time to onset of GI TEAEs were conducted using the Cochran-Mantel-Haenszel test, stratified by study, with two-sided P values reported as descriptive statistics. All statistical analyses were performed using SAS version 9.2 (SAS Institute, Cary, NC, USA).
RESULTS

Patients.
In the two randomized double-blind double-dummy multicenter phase 3 studies, 1,333 patients were randomly assigned to receive treatment with either 200 mg of tedizolid once daily or 600 mg of linezolid twice daily (Fig. 1) . The majority of patients (n ϭ 1,225 [91.9%]) completed the study. The baseline characteristics were comparable between the treatment arms, with 64% of the patients enrolled in North America, and with a median patient age of 44 years ( Table 1 ). The most common ABSSSI type was cellulitis/erysipelas, and 75% of all ABSSSI lesions occurred on the extremities. Of those patients with a pathogen isolated, ABSSSI was most frequently caused by S. aureus (82%); the overall rate of MRSA was 35%, and the majority (279/287 [97%]) of the patients were from North America. The overall population enrolled in these trials included a substantial proportion of difficultto-treat patients, such as obese patients (32%), i.v. drug users (29%), patients with hepatitis C (27%), and patients with con-comitant secondary skin infections (14%). Disease severity was also generally substantive, as evidenced by Ն20% of patients who had large lesions (Ͼ300 cm 3 ), fever, SIRS, lymphadenopathy, or increased WBC count.
All baseline isolates were susceptible to tedizolid (MIC range, 0.06 to 0.5 g/ml) and linezolid. Against the MRSA isolates, the MIC 50 of tedizolid was 0.25 g/ml, and the MIC 90 was 0.5 g/ml (range, 0.12 to 0.5 g/ml); the MIC 50 of linezolid was 2 g/ml, and the MIC 90 was 2 g/ml (range, 1 to 2 g/ml). In addition, all isolates were vancomycin susceptible; no testing for heterogeneous vancomycin-intermediate S. aureus (hVISA) was performed.
Efficacy. In the pooled ITT population, tedizolid was noninferior to linezolid for the primary endpoint: 81.6% of the tedizolid and 79.4% of the linezolid patients exhibited early clinical response (48 to 72 h), with a difference of 2.2% (95% CI, Ϫ2.0 to 6.5). In addition, the treatment outcomes were similar for the key secondary endpoints of programmatic clinical response at EOT (tedizolid, 87.0%; linezolid, 87.9%; difference, Ϫ0.8%; 95% CI, Ϫ4.4 to 2.7) and investigator-assessed clinical response at PTE (tedizolid, 86.7%; linezolid, 86.8%; difference, Ϫ0.1%; 95% CI, Ϫ3.8 to 3.6). The clinical response at the 48-to 72-h visit was highly predictive of later success at the PTE visit (i.e., 93% of patients with an early clinical response also had clinical cure at PTE) (23) .
The early clinical and late clinical responses at PTE were similar between the treatment groups and supportive of the primary efficacy analysis across all subgroups prespecified for analysis: age, sex, race, BMI, geographic region, clinical syndrome, history of i.v. drug use, receipt of nonsteroidal anti-inflammatory drugs (NSAIDs)/oral steroid use, baseline lesion size, and anatomic location of infection. Furthermore, the treatment differences for early clinical response remained relatively consistent across a variety of clinically relevant host and disease factors ( Fig. 2A) and baseline severity measures (Fig. 2B ). Numeric differences were observed, sometimes in favor of tedizolid (e.g., wound infection) and sometimes in favor of linezolid (e.g., diabetes and renal impairment; Fig. 2A ). Although there are no commonly accepted standard definitions of disease severity in bacterial skin infections, the impact of a number of potential severity measures on clinical outcomes was evaluated, including lesion size, systemic signs of infection (presence of fever, increased WBC counts, and bands), presence of SIRS, and lymphadenopathy. Among these baseline disease severity strata, there were no substantive variances in the treatment differences for early response between the treatment groups (Fig. 2B) . Early clinical response and clinical response at PTE were also similar between the treatment arms, regardless of the causative pathogen (Table 2 ). Finally, among the patients with bacteremia at baseline, unknown at the time of enrollment in the study (known bacteremia at screening was an exclusion criterion), early clinical response (in the ITT population) was achieved in 11 (100%) of 11 tedizolid-treated and 11 (69%) of 16 linezolidtreated patients.
Safety and tolerability. Forty-three percent of patients reported at least one TEAE, the majority of which were mild (2% severe), with few leading to discontinuation in either arm (tedizolid, 0.5%; linezolid, 0.9%). The most commonly reported TEAEs were nausea, headache, and abscess, of which nausea was reported less frequently in the tedizolid group than in the linezolid group (Table 3) . Three patients died, two in the tedizolid treatment group (one with Gram-negative pneumonia with septic shock and one with myocardial infarction) and one in the lin-ezolid treatment group (tubercular meningitis); none of the deaths was considered to be treatment related. Although approximately one-third of patients had hepatic impairment or disease (tedizolid, 189/662 [28.5%]; linezolid, 221/662 [33.4%]), no patients with hepatic impairment/disease withdrew from the study because of a TEAE. In addition, similar to what was observed in the overall population, the mean values of the chemistry parameters evaluated were stable over the course of the studies, and increases of two toxicity grades or more (defined according to the Division of Microbiology and Infectious Diseases adult toxicity table [24] ) from baseline to the worst postbaseline result were infrequent in both the tedizolid (alanine aminotransferase, 2.2%; alkaline phosphatase, 0.5%; aspartate aminotransferase, 1.7%; glucose, 4.3%) and linezolid (alanine aminotransferase, 2.0%; alkaline phosphatase, 0%; aspartate aminotransferase, 4.5%; glucose, 6.7%) treatment groups in patients with hepatic impairment/disease.
The effects on hematologic parameters were evaluated for three key hematologic cell lines: platelets, neutrophils, and hemoglobin. The most notable differences between the treatment groups were observed for platelets (Fig. 3) , with 3.7% of the tedizolid patients and 5.6% of the patients (P ϭ 0.0585) with platelet counts below the lower limit of normal (LLN) (150,000 cells/ mm 3 ) at the days 7 to 9 visit, and 4.9% versus 10.8% for tedizolid versus linezolid, respectively (P ϭ 0.0003), at the EOT (days 11 to 13) visit. In the period after baseline through the visit for the last dose of active drug for each group, 6.4% of the tedizolid patients and 12.6% of the linezolid patients (P ϭ 0.0016) had platelet counts below the LLN. The proportions of patients with absolute neutrophil counts below the LLN were 1.7% and 2.8% for the patients in the tedizolid and linezolid groups, respectively, on days 7 to 9, and 1.9% and 3.3%, respectively, at EOT (days 11 to 13). The proportions of patients with hemoglobin levels below the LLN were 29.4% and 33.3% for the patients in the tedizolid and linezolid groups, respectively, on days 7 to 9, and 28.9% and 31.1%, respectively, at EOT (days 11 to 13). Similar trends for all cell lines were noted when patients with abnormal or missing values at baseline were excluded from the analysis. In both treatment groups, very few patients experienced toxicity grade shifts (defined according to the Division of Microbiology and Infectious Diseases adult toxicity table [24] ) of two or more for all three hematologic cell lines through the EOT visit (tedizolid: platelets, 1.4%; neutrophils, 0.5%; hemoglobin, 1.0%; linezolid: platelets, 0.7%; neutrophils, 1.3%; hemoglobin, 0.7%). Moreover, no bleeding-related AEs were reported in either treatment arm. The most frequently reported class of AEs in these phase 3 trials was GI AEs, which were reported in 16% of the tedizolid patients and 23% of the linezolid patients (P ϭ 0.0015). Nausea, vomiting, and diarrhea occurred primarily during the first 6 days, when both groups were receiving the active drug; a significantly lower proportion of patients in the tedizolid group reported any one of those, or nausea or vomiting individually, than did the patients in the linezolid group (Fig. 4) . The severity of nausea and vomiting was generally mild and was similar between the treatment groups, with 1% to 3% experiencing moderate events and Ͻ0.5% experiencing severe events. The severity of diarrhea was generally mild, with only 1% of the patients in each treatment arm experiencing moderate diarrhea and none with severe diarrhea.
DISCUSSION
Once-daily 200-mg tedizolid for 6 days showed noninferior efficacy to twice-daily 600-mg linezolid for 10 days in the treatment of ABSSSI, based on the primary endpoint of early clinical response at 48 to 72 h (19, 20) . The clinical success rates were also similar between the treatment arms at all subsequent time points. Early clinical response was highly predictive of later success, highlighting that this early endpoint is a reliable indicator of overall cure. Furthermore, the results from these pooled analyses suggest a relatively consistent efficacy response, regardless of causative pathogen, disease severity, and underlying host factors.
A substantial proportion of patients considered difficult to treat (e.g., obese) or with conditions suggesting severe disease (e.g., large lesion size, adjacent lymphadenopathy, SIRS, or systemic signs of infection) were enrolled in these trials. The numeric differences for subgroup analyses were not unexpected and sometimes favored tedizolid and sometimes favored linezolid, which reflects the inherent difficulty in interpreting subgroup analyses (i.e., the balance of prognostic factors between the treatment groups may not be maintained because not all subgroups are randomization stratification factors, are not adjusted for multiple comparisons, and have insufficient statistical power). Therefore, these subgroup analyses can be viewed as hypothesis generating and should be interpreted cautiously. In previously presented separate population pharmacokinetic and exposure analyses, no baseline covariate (i.e., age, body weight, BMI, sex, race, renal function, liver function, or preexisting diabetes) had an impact on tedizolid exposure levels in a way that was expected to affect either efficacy or safety (S. Flanagan Both drugs appeared to be well tolerated, with low platelet counts reported less frequently with tedizolid than with linezolid at the EOT visit. This finding was unexpected because the two drugs were administered for a short period (Ͻ14 days). Although some of these low counts might reflect artifacts in the measurement of the cell lines (e.g., blood sampling and shipping or measurement techniques), the prevalences of these artifacts would be expected to be similar between the two groups. Hence, the consistent observation of a difference in the number of patients with low platelet counts might be seen as an early signal of a difference between the two study drugs. These results are consistent with the findings of a previous phase 1 study that showed no meaningful effect on any cell line after 21 days of tedizolid dosing in healthy volunteers at the 200-mg once-daily dose (25) . However, the clinical relevance of this finding with regard to a potential longer duration of dosing in patients is unknown. Myelosuppression, a known risk of linezolid use that increases after 2 weeks of drug administration, is associated with oxazolidinone-induced impairment of mitochondrial protein synthesis (26) (27) (28) . A potential explanation for the platelet differences between tedizolid and linezolid seen here is that oxazolidinone-associated mitochondrial toxicity may be related to the time that the free-drug plasma concentrations exceed the 50% inhibitory concentration (IC 50 ) for mitochondrial protein synthesis during the dosing interval (29, 30) . Linezolid free-plasma concentrations are above the mitochondrial protein synthesis IC 50 during the entire dosing interval, whereas tedizolid free-plasma concentrations dip below its IC 50 for a portion of the dosing interval, providing a biological plausibility for the differences in mitochondrial toxicity-related events between the two drugs (28, 31) . Nevertheless, further study is warranted in patients receiving longer courses of tedizolid in order to confirm these findings.
Finally, there were differences in the incidences of GI AEs between tedizolid and linezolid. The observed difference in GI events does not seem to reflect the shorter treatment duration with tedizolid because most events occurred early in treatment, that is, within the first 6 days of therapy when both groups were receiving the active drug. In the absence of comparative studies exploring the potential biological mechanisms behind these differences, we can merely speculate why this was the case. The impact of tedizolid on normal intestinal flora was previously shown to be limited and reversible, with no signs of microbiological substitution after 7 days of i.v. or oral administration in healthy subjects (32), while another study showed linezolid to result in marked alterations in gut flora composition (33) . In addition, the lower dosing frequency of tedizolid (once daily versus twice daily with linezolid) may also somewhat reduce the risk of developing GI AEs overall.
Future studies to evaluate the efficacy and safety of tedizolid in other infection types, including those that might necessitate longer treatment duration, should be performed.
In conclusion, once-daily 200-mg tedizolid for 6 days showed noninferior efficacy compared with twice-daily 600-mg linezolid for 10 days and was generally well tolerated, with a lower incidence of platelet counts below the LLN and fewer GI side effects in the patients treated with tedizolid. The drug profile of tedizolid is squarely in line with the principles of antimicrobial stewardship (34) . Namely, its once-daily antibiotic administration, availability of an oral administration option, achievement of efficacy with short-course treatment, and favorable tolerability profile align with the goals of stewardship programs. As such, tedizolid might become a useful option for the treatment of ABSSSI in the hospital and outpatient settings.
